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through activating the JAK/STAT3 and NF-κB signaling pathways
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Abstract
Paracrine signaling between tumor and surrounding stromal cells is critical for the maintenance of tumor microen-
vironment during ovarian cancer progression. Small extracellular vesicles (sEVs; exosomes in particular) are nano-
sized vesicles secreted actively by many cells including tumor cells and are found to have fundamental roles in
intercellular communication through shuttling functional RNAs. Although microRNAs (also called miRNAs or
miRs), small non-coding RNAs regulating gene expression, are selectively accumulated in tumor sEVs and can
mediate intercellular communication, the exact biological mechanisms underlying the functions of exosomal
miRNAs in ovarian tumor angiogenesis remain unclear. In this study, sEVs were isolated from conditioned medium
of the human ovarian carcinoma cell line SKOV-3 using ExoQuick Exosome Precipitation Solution, and character-
ized by scanning electron microscopy, dynamic light scattering, and immunoblotting. To elucidate the possible
paracrine effects on ovarian tumor cell-derived sEVs (TD-sEVs), we investigated the angiogenesis-related signaling
events triggered by TD-sEVs in endothelial cells. Due to the possible role in ovarian tumor pathogenesis, we
focused on miR-141-3p which was detected to be enriched in TD-sEVs compared with their corresponding donor
cells. We identified that sEV transfer of miR-141-3p considerably reduced the expression levels of cytokine-inducible
suppressors of cytokine signaling (SOCS)-5 leading to up-regulated JAK-STAT3 pathway in endothelial cells. We
also observed that sEV-shuttled miR-141-3p may up-regulate the expression of VEGFR-2 in endothelial cells which
leads to promoting endothelial cell migration and angiogenesis. The putative role of miR-141-3p shuttled by TD-
sEVs in regulating VEGFR-2 expression was demonstrated by the ability of anti-miR-141-3p to rescue the promot-
ing effects of TD-sEVs on the expression of VEGFR-2 in endothelial cells. Our results also revealed that TD-sEVs
trigger the intracellular reactive oxygen species (ROS)-dependent activation of NF-κB signaling in endothelial cells.
Taken together, our findings propose a novel model in which sEV transfer of epithelial ovarian cancer-secreted miR-
141-3p plays as a significant mediator of intercellular communication, promoting endothelial cell angiogenesis.
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NT-sEVs Non-tumorigenic ovarian epithelial
cell-derived small extracellular vesicles

NF-κB Nuclear factor kappa-light-chain-enhancer
of activated B cells

HUVECs Human umbilical vein endothelial cells
DLS Dynamic light scattering
U6snRNA U6 small nuclear RNA
RNU44 U44 Smal nucleolar RNA
DCFDA 2′, 7′-dichlorofluorescein diacetate
SEM Scanning electron microscopy
ROS Reactive oxygen species

Introduction

Angiogenesis, the recruitment of blood vessels, has a
hand in the growth and progression of ovarian carcino-
mas through ascites formation and metastatic spread
(Bamias et al. 2012; Monk et al. 2016). The regulation
of angiogenesis through paracrine signaling interactions
between epithelial tumor cells and surrounding tumor
stromal cells may be important in tumor growth as well
as metastasis (Watnick 2012). Vascular endothelial
growth factor (VEGF) signaling is the key mediator of
angiogenesis and identifying its role and other signaling
pathways related to the regulation of tumor angiogenesis
would be of value against ovarian cancer (Weis and
Cheresh 2011).

It has been postulated that the Janus kinase (JAK)/signal
transducer and activator of transcription (STAT) pathway are
substantial for tumorigenesis (Thomas et al. 2015). Indeed, the
STAT proteins were elucidated as a group of latent cytoplas-
mic transcription factors that are activated in reaction to cyto-
kine signaling (Mitchell and John 2005). The signaling by
STATs is negatively governed by cytokine-inducible suppres-
sors of cytokine signaling (SOCS) proteins as part of control-
ling negative feedback (Schindler et al. 2007; Shuai and Liu
2003). STAT3 is able to up-regulate VEGF expression in tu-
mor cells, which in turn leads to the activation of VEGFR-2 in
endothelial cells. Besides, VEGFR-2, which is mainly
expressed in endothelial cells, is identified as one of the direct
transcriptional targets of STAT3. As a positive correlation, the
up-regulation of VEGFR-2 causes STAT3 activation in endo-
thelial cells, which leads to VEGFR2 up-regulation and fur-
ther activation. This STAT3-orchestrated interaction between
endothelial and tumor cells provokes VEGFR-induced signal-
ing and results in a number of angiogenesis-involved cellular
activities in endothelial cells (Lee et al. 2015; Thomas et al.
2015). Nonetheless the JAK-STAT pathway is important in
tumorigenesis and its activation may continue to have a role
for cancer progression, the significance of the pathway in
tumor stromal endothelial cells, particularly in terms of

angiogenesis, still remains to be fully elucidated (Chen and
Han 2008).

Small extracellular vesicles (sEVs; exosomes in particular)
are diminutive (< 150 nm)membrane-bound extracellular ves-
icles proactively secreted by means of most cells (Thery et al.
2018) and can function in recipient cells either in their micro-
environment or distant tissues (Colombo et al. 2014; Motavaf
et al. 2016). Owing to harboring numerous biological macro-
molecules including proteins and RNAs as cargo, exosomes
are identified to contribute to intercellular communication (Fu
et al. 2016; Lee et al. 2012; Valadi et al. 2007). A growing
body of evidence propose that tumor-secreted exosomes are
able to induce phenotypic and functional alternations in the
primary tumor microenvironment or metastatic niches
(Ciardiello et al. 2016; Costa-Silva et al. 2015; Roma-
Rodrigues et al. 2014). However, the biological functions of
tumor-secreted exosomes in tumor stromal cells have not yet
been fully elucidated.

Various studies have been elucidated that tumor cells re-
lease sEVs (or exosomes) involving microRNAs, also called
miRNAs or miRs), a group of small non-coding RNAs regu-
lating gene expression networks through post-transcriptional
modification (Melo et al. 2014). The fact is that the uncon-
trolled expression of such molecules is imputed to the devel-
opment and progression of human cancers, indicating that
these molecules may operate as either oncogene or tumor
suppressor (Babashah 2014; Babashah et al. 2012; Babashah
and Soleimani 2011). miR-141, as one of the important mem-
bers of miR-200 family, was demonstrated to be prominently
overexpressed in ovarian carcinomas (Iorio et al. 2007;
Koutsaki et al. 2017) raising the prospect that modulating
the expression or activity of this miRNA may broaden the
horizons toward using this miRNA as a therapeutic option in
a clinical setting. Furthermore, since miR-141 was found to be
involved in ovarian tumor pathogenesis (Choi and Ng 2017;
Mateescu et al. 2011) and selectively accumulated in circulat-
ing tumor exosomes (Pan et al. 2018; Taylor and Gercel-
Taylor 2008), this exosomal miRNA could be used as a bio-
marker to elucidate the ovarian cancer’s progression.

In this study, we objected to shed light on the possible
paracrine consequences of ovarian tumor cell-derived
sEVs (TD-sEVs) on endothelial cell angiogenesis. We
found that miR-141-3p was enriched in both TD-sEVs
and their corresponding donor cells and also observed that
the transfer of sEVs-shuttled miR-141-3p promotes the
migration of endothelial cells and their angiogenesis, par-
tially, through up-regulating JAK-STAT3 pathway. We al-
so illuminated that TD-sEVs-induced NF-κB activation
may be adjusted by the intracellular reactive oxygen spe-
cies (ROS) production which is happened in endothelial
cells, showing a possible mechanism clarifying the para-
crine effects of TD-sEVs on vascular reactions inside the
microenvironment of ovarian tumor cells.

234 Masoumi-Dehghi S. et al.



Materials and methods

Cell culture

The human ovarian carcinoma cell line SKOV-3 and
human umbilical vein endothelial cells (HUVECs) were
obtained from the Pasteur Institute of Iran and were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM). The normal immortalized human ovarian sur-
face epithelial cell line T1074 was maintained in
Roswell Park Memorial Institute 1640 (RPMI 1640) me-
dium. All media were supplemented with 10% fetal bo-
vine serum (FBS), 2 mM L-glutamine, 50 units/ml of
penicillin G, and 50 μg/ml of streptomycin (all from
Gibco BRL, Rockville, MD, USA) at 37 °C in a hu-
midified atmosphere with 5% CO2.

Extracellular vesicle isolation and purification

The cells were cultured in T75 flasks with 5 × 104 cells/cm2

and propagated in the cell culture medium complemented
with 10% exosome-depleted serum (EXO-FBS; System
Biosciences) for 48 h. When the cells reached 80–90%
confluency, the culture supernatants containing sEVs were
harvested and subjected to differential centrifugation. Of
note, the tumor cells were passaged 4–6 times and normal
cells were passaged 2 times before using. Briefly, around
700 ml of the pooled conditioned media was centrifuged at
300×g for 10 min at 4 °C and then at 10,000×g for 30 min
at 4 °C to eliminate residual cells and cellular debris, respec-
tively. sEVs were pelleted by ExoQuick™ Exosome
Precipitation Solution kit (System Biosciences) according
to manufacturer’s instructions and re-suspended in PBS.

Dynamic light scattering measurements

To determine the size of isolated sEVs, we performed the
dynamic light scattering (DLS) by applying a Zetasizer
Nano ZS (Malvern Instruments, Worcestershire, UK) based
on the given protocol.

Scanning electron microscopy

An aliquot of the sEV suspension was loaded on to a carbon-
coated grid and fixed in 2.5% glutaraldehyde. The samples
were undergone to a critical point of dehydration with the
increasing grades of ethanol and then vacuum-dried on a glass
substrate and sputter-coated with gold. To show the size and
morphology of sEVs, scanning electron microscopy (SEM)
was utilized.

Extracellular vesicle labeling assay

The PKH26 red fluorescent labeling kit (Sigma-Aldrich,
USA) was applied to label the isolated TD-sEVs. The labeled
TD-sEVs were incubated with endothelial cells for 12 h. For
nuclear staining, the cells were fixed and stained with 4′, 6-
diamidino-2-phenylindole (DAPI; Sigma-Aldrich, USA). To
monitor the fluorescence uptake, we utilized an inverted fluo-
rescence microscope (Olympus CKX41).

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) analysis

Total RNAwas extracted from the cells or sEVs with TRIzol®
(Invitrogen, USA) and then a total of 1 μg of RNA was
reverse-transcribed into complementary DNA (cDNA) using
PrimeScript 1st Strand cDNA Synthesis kit (TAKARA Bio
Inc., Otsu, Japan). The expression levels were determined by
RT-qPCR using SYBR® Premix Taq™ II (TAKARA, Japan).
In the way, the GAPDH gene was exploited as a suitable
reference gene to normalize the number of transcripts in sam-
ples. The relative expression of each gene was indicated with
mean Ct values using the 2-ΔΔCt method (Livak and
Schmittgen 2001) (Hayat Nosaeid et al. 2009). To quantify
miR-141, poly-(A)-tailing and cDNA synthesis were per-
formed by reverse transcription of 1 μg total RNA using
MiR-Amp Kit (ParsGenome, Iran), and then the expression
levels of mature miRNA were determined using miR-141-
specific primers as described previously (Bitaraf et al. 2019).
The expression was normalized with U6 small nuclear RNA
(snRNA) and RNU44 (Han et al. 2014).

Transfer of miRNA

To measure sEV transfer of miR-141-3p to endothelial cells,
approximately 3 × 104 cells/well were co-incubated at differ-
ent time points with 100 μg/ml TD-sEVs and transcription
inhibitor α-amanitin (Sigma, 50 μg/ml) or only just with α-
amanitin. Total RNA from HUVECs was isolated at time 0
and after 12 and 48 h of stimulation with TD-sEVs and/or α-
amanitin. As an indirect measurement of sEV transfer of
miRNA, the difference in Ct values between α-amanitin stim-
ulated cells in the presence or absence of TD-sEVs at each
experimental time point were calculated (Collino et al. 2010).

Downregulation of miR-141-3p using a miRNA
inhibitor

HUVECs incubated with either TD-sEVs or vehicle control
(PBS) were transfected with miRCURY LNA™ microRNA
inhibitor for hsa-miR-141-3p or its negative control (Exiqon)
at a final concentration of 100 nM using lipofectamine
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RNAiMAX (Invitrogen, USA) according to the manufac-
turer’s recommendation.

NF-κB activation assay

Tomeasure NF-κB activity, the nuclear and cytosolic fractions
were separated using a commercially available NF-κB
Activation Assay Kit (FIVEphoton Biochemicals, San
Diego, CA, USA) as stated by the manufacturer’s instructions.
As a result, protein concentrations in the lysates were mea-
sured by Bradford assay, and the NF-κB p65 protein level in
nuclear and cytoplasmic preparations was indicated by
immunoblotting.

Immunoblotting

Cells or sEVs were lysed immediately with RIPA buffer
which a cocktail of protease inhibitors (Roche) was added to
Proteins were segregated on 10–12% SDS-polyacrylamide
gels (SDS-PAGE) and transmitted to a polyvinylidene
difluoride (PVDF) membrane. To block the membranes, 5%
bovine serum albumin (Merck) in TBST (10 mM Tris-
buffered saline with 0.05% Tween 20) was used. The blots
were reprobed and incubated with the specific primary anti-
bodies diluted in TBST (1:1000). After rinsing, horseradish
peroxidase (HRP)-conjugated secondary antibodies were in-
cubated with blots and then subjected to chemiluminescence
(ECL, Amersham, Buckinghamshire, UK). To do immuno-
blotting, various antibodies were employed suchlike rabbit
monoclonal anti-CD9 (ab92726, Abcam), mouse monoclonal
anti-CD81 (sc-166,029, Santa Cruz Biotechnology), and
Rabbit polyclonal anti-p65 (NFKB-2, FIVEphoton
Biochemicals). β-actin was used as a loading control.

Determination of intracellular reactive oxygen species
production

The intracellularly reactive oxygen species (ROS) production
was discerned by appending the 2′, 7′-dichlorofluorescein
diacetate (DCFDA) (ab113851, Abcam) to the cell suspen-
sion. Briefly, the cells were washed and then incubated in
the dark with 5 μM DCFDA for 45 min. The cells were
washed and the fluorescent intensity was measured by flow
cytometry (BD FACS Canto II, BD Bioscience).

Cell proliferation assay

The viable endothelial cells, incubated with either different
concentrations of TD-sEVs (25, 50 and 100 μg/ml),
100 μg/ml normal, non-tumorigenic ovarian epithelial cell-
derived sEVs (NT-sEVs) or vehicle control (PBS), were mea-
sured in triplicate by trypan blue exclusion 24 and 48 h after
incubation.

Scratch wound healing assay

A confluent monolayer of serum-starved endothelial cells was
subjected to a single vertical scratch. To display and quantify
the wound healing at three different time points, the cells were
treated with 100 μg/ml TD-sEVs, 100 μg/ml NT-sEVs or
vehicle control (PBS). Consequentially, to analyze the wound
closure, the online version of Wimasis WimScratch software
was utilized.

In vitro capillary tube formation assay

To access the dynamics of vascular endothelial cell behavior,
the in vitro formation of capillary-like tubes mediated by en-
dothelial cells was monitored. In this assay, the cells,
HUVECs, were kept in serum-starved condition in DMEM
for 24 h and then 5 × 104 cells were transferred into 24-well
plates pre-coated with Matrigel (Invitrogen, USA). For the
next step, the incubation of the cells was executed with TD-
sEVs (100 μg/ml) or vehicle control (PBS) for 12 h.We quan-
tified the number of total branch points and tube length in 3
randomly selected fields.

Statistical analysis

All data are expressed as mean ± standard deviation (SD) for
at least three experiments. Differences between groups were
assessed by one-way ANOVAwith Graph-Pad Prism software
v.7.0. For all statistical tests, p value <0.05 was considered
statistically significant.

Results

Isolation, characterization and cellular uptake
of purified TD-sEVs

To uncover the paracrine effects of TD-sEVs on endothelial
cell angiogenesis, sEVs were isolated from ovarian carcinoma
cells. SEM analysis indicated that the purified TD-sEVs had a
spherical shape with an approximate diameter ranging from
about 50 to 150 nm (Fig. 1a). Also, the particle size distribu-
tion of sEVs by DLS revealed a mere peak at about 70 nm
(Fig. 1b). The surface charge of sEV preparation, reflected by
its zeta potential measurement, showed that the isolated sEVs
were negatively charged (the range of −6.85 to −11.4 mV) and
within the range reported previously (Deregibus et al. 2016)
(Wang et al. 2015). In addition, immunoblotting demonstrated
that the exosome-specific tetraspanin markers CD9 and CD81
were enriched in the TD-sEVs’ pool (Fig. 1c). Moreover, in
order to examine whether TD-sEVs could be taken up by
endothelial cells, PKH26-labeled sEVs were incubated with
sub-confluent HUVECs for 12 h. Fluorescence microscopy
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imaging showed that TD-sEVs can be incorporated and con-
centrated into the endothelial cells’ cytoplasm (Fig. 1d).

TD-sEVs promote endothelial cell migration
and angiogenesis

Numerous studies have been identified that VEGF signaling is
a consequential positive regulator of physiological as well as
pathophysiological neovascularization (Goel and Mercurio
2013; Weis and Cheresh 2011). It was also demonstrated that
VEGFR-2 is a vital endothelial cell-specific signal transducer
receptor involved in VEGF-stimulated angiogenesis
(Abhinand et al. 2016; Hicklin and Ellis 2005). To reveal the
putative paracrine effects of TD-sEVs on endothelial cell an-
giogenesis, HUVECs were stimulated with different concen-
trations of sEVs derived from ovarian carcinoma cells, SKOV-
3. RT-qPCR results showed that TD-sEVs caused an increase
in the transcript levels of VEGFR-2 in HUVECs in a dose-
dependent manner. As a control, there was no significant dif-
ference at the expression levels between NT-sEVs-treated and
control PBS-treated cells (Fig. 2a).

Furthermore, various investigations have shown that
VEGF signaling functions as a vigorous inducer of endothelial
cell proliferation, migration, differentiation, and cell survival
in addition to vessel permeability and dilation (Cebe-Suarez
et al. 2006; Wang et al. 2008). Since TD-sEVs led to the up-
regulation of VEGFR-2, we sought to assess whether TD-
sEVs can exert promoting effects on the proliferation as well
as migration rates of endothelial cells. To decipher, HUVECs
were treated with either TD-sEVs or vehicle control (PBS)
after which the cell proliferation in addition to the migration
rates was evaluated. We identified that the proliferation of
HUVECs stimulated with various concentrations of TD-
sEVs significantly increased in a dose- and time-dependent
manner. Importantly, we observed that NT-sEVs had no ef-
fects on the proliferation rate of HUVECs in comparison with
cells treated with vehicle control PBS (Fig. 2b). Furthermore,
to identify the effect of TD-sEVs on the migration of endo-
thelial cells, a wound-healing assay was performed. As shown
in Fig. 2c, TD-sEVs dramatically promoted the migration of
HUVECs into the scratched areas of monolayers in a time-
dependent manner.We also observed that the migration rate of

ba

c

CD9

CD81 25 kDa

25 kDa

d PKH26 DAPI Merged

Fig. 1 Characterization and cellular internalization of isolated TD-sEVs.
a A scanning electron micrograph of sEVs derived from ovarian tumor
cells. Particles were approximately spherical and membrane encapsulated
with the size range of 50–150 nm. b Representative dynamic light
scattering (DLS) number distribution measurement of isolated TD-sEVs
revealed a single peak (~70 nm diameter). c Detection of the exosome-

specific markers CD9 and CD81 in purified sEVs obtained from tumor
cells as demonstrated by immunoblotting. d Fluorescence microscopy
analysis showed uptake of PKH26-labeled TD-sEVs by endothelial cells.
Fluorescence micrograph reveals that TD-sEVs were incorporated and
localized in the cytoplasm of HUVECs. The nuclear staining was per-
formed by DAPI. The bar represents 20 μm
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endothelial cells incubated with NT-sEVs (100 μg/ml) did not
show any significant difference between TD-sEVs-treated and
control PBS-treated cells at various time points. Analysis of
wound closure showed that HUVECs which were stimulated
with 100μg/ml TD-sEVsmigrated significantly faster in com-
parison with the cells incubated with NT-sEVs (100 μg/ml) or
PBS as vehicle control (Fig. 2d).

Additionally, to determine whether TD-sEVs affect the
in vitro tubulogenesis of HUVECs, a capillary tube formation
assay was conducted. Besides, we monitored the vascular be-
havior of endothelial cells. Compared with the control group,
HUVECs stimulated with 100 μg/ml TD-sEVs displayed an
increased ability to form vessel-like structures (Fig. 2e). As
shown in Fig. 2f, g, TD-sEVs significantly increased the tube
length and branch point formation byHUVECs in comparison
with HUVECs formed by PBS-treatment. From the results, it
is fair to suggest that sEVs derived from ovarian tumor cells
may promote endothelial cell migration and angiogenesis
through the up-regulation of VEGF signaling.

Tumor-secreted miR-141-3p regulates the JAK-STAT3
pathway through modulating suppressor of cytokine
signaling 5 in endothelial cells

To describe the molecular mechanisms by which TD-
sEVs promote endothelial cell angiogenesis, we
conjectured that miRNAs shuttled by TD-sEVs might be
account for pro-angiogenic effects of TD-sEVs on endo-
thelial cells. In this regard, as miR-141 is considered as a
critical miRNA involved in ovarian tumor pathogenesis
(Iorio et al. 2007; Koutsaki et al. 2017; Mateescu et al.
2011) and also an enriched miRNA in ovarian tumor
exosomes (Pan et al. 2018; Taylor and Gercel-Taylor
2008), we calculated and elucidated of this miRNA level
in sEVs and corresponding donor cells. As shown in
Fig. 3a, we highlighted that miR-141-3p was detectable
in both TD-sEVs and corresponding donor cells.
Importantly, no considerable levels of miR-141-3p were
detected in sEVs derived from normal epithelial cells.
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Fig. 2 TD-sEVs up-regulate VEGFR-2 expression and promote in vitro
endothelial cell migration and angiogenesis. a Up-regulating of VEGFR-
2 expression in HUVECs incubated with various concentrations of TD-
sEVs (25, 50 and 100 μg/ml), 100 μg/ml NT-sEVs, or vehicle control
(PBS) after 48 h. Columns represent means of three different experi-
ments; bars represent SD. ns: non-significant (P > 0.05), **P < 0.01,
***P < 0.001. b Promoting effects of different concentrations of TD-
sEVs on the proliferation rate of HUVECs at time points 24 and 48 h.
No significant difference in the cell proliferation rate was observed be-
tween NT-sEVs-treated and control PBS-treated cells at various time
points. Points represent means of three experiments; bars represent SD.
c Representative micrographs of monolayer wounding assay in HUVECs

treated with 100 μg/ml TD-sEVs, 100 μg/ml NT-sEVs, or vehicle control
(PBS) at the time of scratch wounding (0 h), 24 and 48 h thereafter. d
Quantitative analysis of wound closure at different time points indicated
the promoting effects of TD-sEVs on the migration rates of HUVECs
compared to those of cells treated with NT-sEVs or vehicle control (PBS).
e Representative micrographs showing the effects of TD-sEVs on the
capability of endothelial cells to form the capillary-like tube structures
in vitro after 24 h. Quantitative analysis of the tube lengths (f) and branch
points (g) of HUVECs following treatment with 100 μg/ml TD-sEVs or
vehicle control (PBS) were calculated in three randomly selected fields.
ns: non-significant, *P < 0.05, **P < 0.01, ***P < 0.001
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Given sEVs/exosomes represent a protective and enriched
source of shuttle miRNAs, we sought to examine sEV transfer
of epithelial ovarian cancer-secreted miR-141-3p into endo-
thelial cells. For this purpose, HUVECs were co-stimulated
with 100 μg/ml TD-sEVs by adding α-amanitin to repress
transcriptional activation resulted from sEVs (Collino et al.
2010) (see Supplementary Fig. 1). As shown in Fig. 3b, results
from RT-qPCR revealed that the levels of miR-141-3p were
gradually increased in HUVECs stimulated with both TD-
sEVs and α-amanitin compared to the negative control cells
(α-amanitin alone).

To highlight the functional significance of epithelial ovar-
ian cancer-secreted miR-141-3p, the expression level of
VEGFR-2 in sEV-treated HUVECs was also evaluated at

various time points. Interestingly, our results cast a new light
on a significant, time-dependent increase of VEGFR-2
mRNA expression level, suggesting that TD-sEVsmay direct-
ly or indirectly enhance VEGF signaling in endothelial cells
(Fig. 3c). For further confirmation that miR-141-3p shuttled
by TD-sEVs promotes VEGFR-2 up-regulation, HUVECs
were transfected with anti-miR-141-3p (100 nM), as an
antagomir to miR-141-3p, and stimulated with TD-sEVs
(100 μg/ml) for 24 h. Intriguingly, in the presence of anti-
miR-141-3p in HUVECs, the promoting effect of TD-sEVs
on the VEGFR-2 mRNA expression level was partially res-
cued (Fig. 3d). Importantly, we also found that sEV transfer of
miR-141-3p induced a significant increase in the expression
of VEGF in endothelial cells (Supplementary Fig. 2). This
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Fig. 3 Extracellular vesicle transfer ofmiR-141-3p up-regulates the JAK-
STAT pathway through modulating SOCS5 in endothelial cells. a The
relative miR-141 levels determined by RT-qPCR in TD-sEVs and NT-
sEVs as well as their corresponding donor cells. (b, c) sEV transfer of
miR-141 led to a significant and time-dependent increase in VEGFR-2
mRNA expression. b Transfer of miR-141 was determined by RT-qPCR
in HUVECs incubated with both TD-sEVs and α-amanitin compared to
α-amanitin only treated cells (negative control) at time points 0, 12 and
24 h. c Mean normalized ratios for VEGFR-2 transcript levels measured
by RT-qPCR in HUVECs treated with 100 μg/ml TD-sEVs (compared to
PBS-treated control cells) at different time points. d sEV transfer of miR-
141-3p caused the up-regulation of VEGFR-2 expression in endothelial
cells. RT-qPCR data showed that the VEGFR-2 transcript levels in
HUVECs treated with anti-miR-141-3p along with either TD-sEVs or
vehicle control (PBS) were significantly lower than those of cells only
treated with TD-sEVs. A significant reduction in VEGFR-2 expression in
anti-miR-141-3p-transfected HUVECs was also found compared with a

scramble-transfected negative control. e-f TD-sEVs up-regulates the
JAK-STAT pathway via down-regulating SOCS5 in HUVECs. e Mean
normalized ratios for SOCS5 transcript levels measured by RT-qPCR
showed that TD-sEV-shuttled miR-141-3p caused down-regulation of
SOCS5 expression in HUVECs. Importantly, the inhibitory effect of
TD-sEVs on SOCS5 expression level was partially rescued when TD-
sEVs-treated endothelial cells transfected along with anti-miR-141. f
Mean normalized ratios for JAK1 and STAT3 transcript levels measured
by RT-qPCR in TD-sEVs-treated HUVECs transfected with either anti-
miR-141-3p or scramble negative control. Results proposed that JAK1
and STAT3 transcript expression levels were significantly increased in
TD-sEVs-stimulated HUVECs, while in the presence of anti-miR-141-
3p, the promoting effect of TD-sEVs on the JAK1 and STAT3 expression
levels was partially diminished. Columns represent means of three differ-
ent experiments; bars represent SD. ns: non-significant, **P < 0.01,
***P < 0.001
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finding supports the notion that the sEV transfer of tumor-
secreted miR-141-3p may cause the up-regulation of VEGF
signaling in endothelial cells.

Due to this fact that SOCS5 has been previously suggested
as an undeviating target of miR-141-3p (Selth et al. 2012), the
expression level of SOCS5 was evaluated in sEV-treated
HUVECs. RT-qPCR results showed that the sEV transfer of
miR-141-3p (Fig. 3b) was inversely associated with the
SOCS5 mRNA expression level in a time-dependent manner
in HUVECs incubated with 100 μg/ml TD-sEVs (Fig. 3e). As
expected, transfection of anti-miR-141-3p into HUVECs sig-
nificantly diminished the inhibitory effects of TD-sEVs on the
SCOCS5 mRNA expression level (Fig. 3e). Additionally, be-
cause SOCS5 plays as a negative regulator of JAK-STAT3
signaling and STAT3 induces VEGF and VEGFR2 expression
through binding to the corresponding promoters (Lee et al.
2015; Thomas et al. 2015), we concluded that tumor-
secreted miR-141-3p may execute its influences on endothe-
lial cell angiogenesis through altering the JAK-STAT3 path-
way. Consistently, we identified that the transcript expression
levels of JAK1 and STAT3 were remarkably increased in
HUVECs following treatment with 100 μg/ml TD-sEVs,
while in the presence of anti-miR-141-3p, the promoting ef-
fect of TD-sEVs on the JAK1 and STAT3 expression levels
was partially rescued (Fig. 3f). Broadly translated our findings
indicate that sEV transfer of tumor-secreted miR-141-3p re-
sulted in reduced SOCS5 expression and may consequently
up-regulate the VEGFR-2 expression in endothelial cells
through promoting the JAK-STAT3 pathway.

Increased nuclear translocation of NF-κB p65
in TD-sEV-treated endothelial cells is associated
with elevated production of intracellular ROS

To our knowledge, the activation of NF-κB is a vital signaling
factor for several vascular events in surrounding non-
tumorigenic cells (Tabruyn and Griffioen 2008; Tabruyn
et al. 2009), we sought to examine whether the transcription
factor NF-κB is engaged in the paracrine effects of TD-sEVs
on endothelial cell angiogenesis. To this end, HUVECs were
incubated with 100 μg/ml TD-sEVs and the expression of
endogenous NF-κB signaling subunit p65 in the whole-cell
lysate was measured and compared to those cells which were
treated with vehicle control (PBS). Substantiating our findings
gained using HUVECs, sEV incubation caused a significant
increase of NF-κB p65 protein level after 48 h (Fig. 4a).
Considering the elevated protein levels of p65 in the total cell
lysate of sEV-incubated HUVECs, moreover, we assessed the
localization of p65 protein via immunoblotting. Results pro-
vide a basis for translocation of p65 into the nucleus of
HUVECs following incubation with 100 μg/ml TD-sEVs af-
ter 48 h (Fig. 4b).

To shed light on the mechanism of NF-κB activation, we
investigated intracellular ROS production in sEV-treated
HUVECs. As depicted in Fig. 4c, d, the ROS generation in
HUVECs stimulated 48 h with 100 μg/ml TD-sEVs was sig-
nificantly higher than control PBS-treated cells. These find-
ings propose that NF-κB activation upon sEV incubation may
be intervened by ROS production in endothelial cells.

Discussion

The tumor microenvironment takes a center stage in ovarian
cancer development and metastasis that are associated with
disease progression and survival. This raises the intriguing
possibility that modulating tumor microenvironment could
provide new therapeutic opportunities for treating ovarian
cancer, regardless of the genetic changes within tumor cells
(Curtis et al. 2018). The tumor microenvironment involves
complex biological signaling pathways with the contribution
of surrounding tumor stromal cells that facilitate tumor devel-
opment and progression. Paracrine signaling interactions be-
tween tumor cells and stromal endothelial cells are a key as-
pect of tumor progression, particularly in terms of angiogen-
esis (Watnick 2012).

Accumulating shreds of evidence have revealed that the
cell-to-cell communication between epithelial tumor cells
and surrounding stromal cells could be promoted through
the horizontal transfer of functional RNAs through sEVs/
exosomes (Bell and Taylor 2017; Liang et al. 2016;
Pakravan et al. 2017; Wan et al. 2018). Similarly, recent in-
vestigations have demonstrated that tumor cells have an exac-
erbated secretion of sEVs/exosomes containing certain
miRNAs that can modulate their hostile microenvironment
to promote tumor angiogenesis (Lin et al. 2018; Taverna
et al. 2014; van Balkom et al. 2013). Although some exciting
insights have been obtained, the exact biological mechanisms
underlying the functions of this kind of extracellular noncod-
ing RNAs are incompletely characterized.

To our knowledge, the present investigation is the first
study showing that the sEV-shuttled miR-141-3p from ovarian
cancer cells may provoke in vitro angiogenesis through acti-
vating multiple angiogenic-related signaling pathways. An in-
verse correlation between SOCS5 and miR-141-3p has been
previously described and SOCS5was suggested as a bona fide
target of this miRNA (Selth et al. 2012). On the other hand,
SOCS5 is considered as a negative regulator of the JAK-
STAT3 pathway and STAT3 participates in regulating angio-
genesis, in large part, through inducing VEGF signaling
(Chen and Han 2008) (Thomas et al. 2015). This result ties
well with previous studies wherein we concluded that sEV
transfer of tumor-secreted miR-141-3p may up-regulate the
JAK-STAT pathway and VEGFR-2 signaling in part by
targeting SCOC5 in endothelial cells (Fig. 5).
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As signaling via the VEGF pathway is crucial for angio-
genic responses, we initially investigated the effects of TD-
sEVs on VEGFR-2 signaling in endothelial cells and found a
positive dose-response relationship between TD-sEVs and
VEGFR-2 expression levels (Fig. 2a). We also observed a
significant promoting effect of TD-sEVs on the proliferation
ratio of endothelial cells in a dose-dependent manner (Fig. 2b)
that highlights the role of VEGFR-2 signaling as an important
regulator of endothelial cell proliferation. Interestingly, we
also found that TD-sEVs increased the migratory capability
of endothelial cells and significantly induced the ability of
endothelial cells to make vessel-like structures (Fig. 2c-g).
These findings indicate that the involvement of TD-sEVs to
tumor angiogenesis may be in part imputed to VEGF signal-
ing alternation and affirm to the putative beneficial effects of
therapies targeting VEGF signaling for ovarian cancer.

The significance of VEGF and its endothelial cell receptors
in promoting angiogenesis is firmly-established (Abhinand
et al. 2016; Cebe-Suarez et al. 2006; Hicklin and Ellis
2005); however, other angiogenesis-related signaling events
activated by paracrine effects of tumor cells resulting in endo-
thelial cell angiogenesis still remain to be further clarified. The
contribution of the JAK-STATsignaling in the construction of
a unique tumor microenvironment and its miRNA-mediated
regulation in endothelial cells and tumor angiogenesis has
been previously suggested (Bartoli et al. 2003; Dong et al.
2010; Zhu et al. 2018). Doebele et al. (2010) demonstrated
that members of the miR-17-92 cluster may function to inhibit
angiogenesis in endothelial cells. They found JAK1 as a direct
target of miR-17 and provided a shred of evidence for the
contribution of this pathway in angiogenesis. It was also re-
vealed that miR-106b, a miRNA belonging to the miR-106b-
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Fig. 4 TD-sEVs-induced NF-κB activation may be mediated by ROS
production in endothelial cells. a Immunoblotting analysis of NF-κB
p65 protein levels in the total cell lysate of HUVECs, 48 h after treatment
with 100 μg/ml TD-sEVs compared to control. β-actin was used as an
endogenous loading control. b Activation of NF-κ B following sEV
treatment revealed by elevated nuclear p65 protein levels (Nuc). Cyt:
cytoplasmic fraction. c, d Promoting effect of TD-sEVs on the relative
levels of intracellular ROS production in endothelial cells. c

Representative histograms of DCFDA fluorescence intensity in
HUVECs stimulated with 100 μg/ml TD-sEVs after 48 h. d
Comparison of DCFDA fluorescent intensity between HUVECs treated
with TD-sEVs (100 μg/ml) and control PBS-treated cells after 48 h.
Columns represent means of three different experiments; bars represent
SD. ***P < 0.001. ROS, reactive oxygen species; DCFDA, 2′, 7′-
dichlorofluorescein diacetate
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25 cluster, exerts an antiangiogenic function in endothelial
cells through suppression of STAT3 (Maimaiti et al. 2016).
The significance of a tumor-secreted miRNA in intercellular
communication was suggested by another study regarding that
the angiogenesis of endothelial cells can be triggered by
tumor-secreted miR-9 which exerts its functions through stim-
ulating the JAK-STAT pathway (Zhuang et al. 2012).

Consistent with the previous studies, we found a link be-
tween the up-regulation of the JAK-STAT3 pathway and en-
dothelial cell angiogenesis in HUVECs stimulated with TD-
sEVs. To decipher the molecular mechanisms for the para-
crine effects of TD-sEVs on endothelial cell angiogenesis,
we assessed and confirmed the expression levels of an sEV-
shuttled miRNA, miR-141-3p that its possible role in ovarian
cancer pathogenesis has been previously proposed (Choi and
Ng 2017;Mateescu et al. 2011). Importantly, we demonstrated
that TD-sEVs promote the expression of VEGFR-2 signaling
in a miR-141-dependent manner (Fig. 3b-d) and involve in the
JAK-STAT3 pathway (Fig. 3f) that can explain the vascular
behavior of endothelial cells in ovarian cancer. We also found
the transfer of sEV-shuttled miR-141-3p was consistently re-
duced SOCS5 expression in endothelial cells (Fig. 3b, e), re-
sulted in up-regulation of the JAK-STAT3 signaling. This
raises the intriguing possibility that miR-141-3p functions as
a potent oncogenic miRNA by coincidently promoting multi-
tudinous angiogenic-related signaling pathways.

The transcription factor NF-κB has been widely implicated
in cancer development and progression (Patel et al. 2018). For
instance, there are several reports demonstrate that the physi-
ological interaction between NF-κB and STAT3 could lead to
the nuclear retention of NF-κB (Hagihara et al. 2005; Lee

et al. 2009). Consistently, we confirmed that the induced
NF-κB activation triggered by TD-sEVs may be mediated
by the intracellular ROS production in endothelial cells (Fig.
4). Of note, ROS are principally required to promote physio-
logical angiogenesis; however, during pathological (tumor)
conditions, continuous recruitment of tumor stromal cells re-
sults in uncontrolled, unleashed ROS production inducing
pathological angiogenesis mainly on the VEGF signaling
(Schreml et al. 2010). Importantly, there are also several stud-
ies revealing that VEGF promotes endothelial cell prolifera-
tion and migration by increasing intracellular ROS production
(Wang et al. 2011) (Kim and Byzova 2014). The underlying
molecular mechanisms of ROS production in tumor stromal
endothelial cells appear to be partly related to the content of
sEVs secreted by tumor cells (Bodega et al. 2019). As a pos-
sible mechanism, tumor cells through secreting sEVs contain-
ing a piece of pro-oxidant machinery can stimulate the pro-
duction of cytokines and reactive nitrogen/oxygen intermedi-
ates by their target cells (Baj-Krzyworzeka et al. 2007; Popena
et al. 2018). Consistently, our results showed that TD-sEVs
possess an angiogenic activity in endothelial cells in a ROS-
dependent mechanism. This activity is specific to the sEVs
derived from ovarian carcinoma cells, SKOV-3, because such
effects were not observed in the control group. Under certain
observations, we speculated that ROS production and NF-κB
activation promoted by TD-sEVs are critical points in endo-
thelial cell angiogenesis and associated with up-regulation the
JAK-STAT3 pathway and VEGFR-2 signaling.

In a nutshell, our data show that the sEV transfer of
miRNAs from tumor cells may change the vascular responses
within the microenvironment of ovarian tumor cells. Given

ba

Fig. 5 A proposed model clarifying the paracrine effects of TD-sEVs on
endothelial cells. The model illustrates how sEVs derived from ovarian
tumor cells deal with endothelial cells through modulating multiple
angiogenic-related signaling pathways. a In a physiological state,
SOCS5 functions as a negative regulator of the JAK-STAT pathway,
which in turn modulates downstream signalings in endothelial cells. b

Transfer of miR-141 by TD-sEVs may up-regulate the JAK-STAT path-
way and VEGFR-2 signaling in part by targeting SCOC5 in HUVECs.
Additionally, the induced NF-κB activation triggered by TD-sEVs which
may be mediated by the intracellular ROS production is critical events in
endothelial cell angiogenesis. This model may be an explanation for the
vascular response within the microenvironment of ovarian cancer
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that the proangiogenic activity of the TD-sEV-shuttled miR-141-
3p depends on modulating the SOCS5-mediated JAK-STAT3
pathway and VEGFR-2 signaling, the data presented here iden-
tify a set of potential molecular targets for therapeutic interven-
tion in tumor stromal endothelial cells. Obviously, further char-
acterization of TD-sEV contents and a deeper understanding of
the intercellular miRNA communication may result in identify-
ing novel mechanisms of tumor angiogenesis and also could
offer therapeutic opportunities for cancer treatment.
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